This paper analyzes the usability of different dynamic moduli of elasticity and wood density for the prediction of mechanical properties -static modulus of elasticity and modulus of rupture -in samples with grain deflection from the longitudinal direction. Five tropical hardwoods (Afzelia bipindensis, Intsia bijuga, Millettia laurentii, Astronium graveolens and Microberlinia brazzavillensis) with different grain characteristics were used for this purpose. The fiber deflection was caused by the presence of interlocked grain or the working process. The three nondestructive techniques used in this study -longitudinal and flexural resonance method and ultrasound method -provided higher values of modulus of elasticity than the static bending test, but close correlation was observed between these variables. The weakest correlation was found for the ultrasound method which is probably caused by its measuring mechanism. The prediction of the modulus of rupture is less accurate when the dynamic modulus of elasticity is compared with the static modulus of elasticity; on the other hand, it was still good in comparison with the density model, which is inapplicable when grain deflection occurs in wood. In the wood of Zebrano where the interlocked grain was strongly developed, almost all of the correlation coefficients showed the lowest values and the prediction of modulus of rupture by nondestructive techniques was unsatisfactory.
INTRODUCTION
Nondestructive evaluation of wood mechanical properties has a long history of use on different objects ranging from standing trees to wood-based composites (Mattheck and Bethge 1993; Kasal and Anthony 2004; Ross et al. 2004 , Liu et al. 2006 . The acoustic techniques are considered among various nondestructive methods as the best option for the prediction of wood stiffness without modifying its enduse. These methods apply a close correlation between the dynamic and the static modulus of elasticity values which was proved for sound wood in different states such as timber (Hassan et al. 2013) , logs (Zhou et al. 2013) or Laminated Veneer Lumber (Wang et al. 2003) and decayed wood as well . Few studies deal with different tropical species such as Sextonia rubra for which nondestructive methods were used for predicting the stiffness of lumber with very high accuracy (r = 0,91 for stress wave method) (Teles et al. 2011) . Karlinasari et al. (2008) showed a strong relation between the static and the ultrasound dynamic moduli of elasticity for small clear specimens of four tropical hardwoods (r=0,82), on the other hand, lower values were found when species were evaluated individually.
In some wood applications, such as structural evaluation of lumber, a reliably specified strength is a fundamental need. The underlying principle of common machine stress grading of lumber is that the bending stiffness of timber is closely correlated to its strength (Schajer 2001 , Oja et al. 2005 . This close positive correlation has been shown in many works (Bodig and Jayne 1982, Karlinasari et al. 2005, Universidad del Bío -Bío Ravenshorst et al. 2008, Hein and Lima 2012) . Ravenshorst et al. (2008) used a method based on the fundamental frequency for strength grading of ten tropical hardwoods for which the dynamic modulus of elasticity was strongly correlated with the static modulus of elasticity (r = 0,85) and the bending strength (r = 0,82). The method was used consistently for all the tropical hardwoods, which are all used commonly in construction.
Mechanical properties have often been predicted from wood density, which was considered the most reliable and the simplest index of the wood strength (Tsoumis 1991) . Izekor et al. (2010) showed very tight correlation for wood of plantation grown Tectona grandis characterized by the correlation coefficient 0,97. A strong correlation between these two properties (r = 0,68; 0,89) is also reported for different Eucalyptus species by Hein et al. (2013) and Yang and Evans (2003) . There is an approximately positive linear correlation between these two variables but the density influence is often weakened by the natural growth features like knots, cross grains, etc., occurring in wood. Therefore, the usability of density for the wood strength prediction is often limited only to clear straight-grained wood which does not correspond with the practice.
A great number of tropical species are typically found with a grain deviation described as interlocked grain (Cabrolier et al. 2009 ). Kribs (1950) stated that 75% of 258 evaluated tropical species showed this particular wood structure. Due to the highly anisotropic nature of wood, the actual orientation of grain inside a piece of wood strongly affects its apparent mechanical properties (Bodig and Jayne 1982) . Weddell (1961) reported that the modulus of rupture (MOR) and the modulus of elasticity (MOE) in bending were negatively affected by the presence of interlocked grain in Entandrophragma utile and Ocotea rodiaei woods. Species used in this work are characterized by Chudnoff (1980) as follows: Astronium and Millettia species are primarily straight-grained, the grain in Intsia and Afzelia species can vary from straight to interlocked and Microberlinia wood is characterized by interlocked grain. Five tropical hardwoods with different grain direction were chosen for the purpose of this study. The fiber deflection from the longitudinal direction was given by occurrence of interlocked grain or by working process. The aim of this work was to find out if the dynamic modulus of elasticity is suitable for prediction of the wood mechanical properties (stiffness and strength) with grain deflection or interlocked grain. The ability of wood density to predict mechanical properties was evaluated as well.
MATERIAL AND METHODS

Material
Density, modulus of rupture in bending (MOR), static modulus of elasticity in bending (MOE), longitudinal dynamic modulus of elasticity (E lr and E u ) and flexural dynamic modulus of elasticity (E lr ) were determined for the heartwood of five tropical hardwoods: Doussié (Afzelia bipindensis), Merbau (Intsia bijuga), Wengé (Millettia laurentii De Wild.), Muiracatiara (Astronium graveolens Jacq.) and Zebrano (Microberlinia brazzavillensis).
The sampled material was collected from a floor trading company and represents the tropical species commonly available at the European market. The species were identified on the basis of macroscopic and microscopic features. The dimensions of the samples were 60 mm × 20 mm in cross section and 300 mm longitudinally. 30 samples of each species were used for the experiment. Samples were not carefully selected to correspond with requirements of standard so anatomical directions were not identical with the edges of the board. The growth rings were oriented randomly on cross section of the samples. The typical grain direction of samples from the species Merbau, Muiracatiara and Wengé was straight-grained, with fiber deflection up to 15 degrees in the longitudinal direction. In Merbau the characteristic grain pattern -interlocked grain -was limited to five samples. All Zebrano and Doussié samples were characterized by interlocked grain but the extent of the pattern was lower in Doussié. The grain angle on the sample surface ranged from 10 to 30 degrees for Doussié and 20 to 40 degrees for Zebrano.
The samples were stored in the conditions of the experimental environment (60% relative humidity at 20 °C) for 2 months until the moisture content of the samples stabilized at about 8% (the mean value determined by the gravimetric method). The density of samples was established based on their dimensions and weight measured at this moisture content.
Methods
Dynamic modulus of elasticity
Two methods for sound propagation velocity determination were used -the frequency-resonance method and the ultrasound method.
The longitudinal resonance method
Each sample (60×20×300 mm) was supported by two very soft foam prisms (free-free support condition). The longitudinal vibration of samples was induced by hitting a hammer on the sample front. The resulting vibrations were detected by a miniature piezoelectric one-axis accelerometer (MMF type KS94B.10, weight 3,5 g, sensitivity 0,971 mV·m -1 ·s 2 ) mounted on the other side. The natural frequency f (Hz) of the sample in the longitudinal direction, necessary for the stress-wave speed calculation, was examined by means of fast Fourier transform analysis (FFT) of time-domain signal in software Dewesoft version 6.6. The dynamic modulus of elasticity (E lr ) was calculated using the following formula:
where ρ is the sample density, f is the natural frequency of longitudinal vibration and L is the length of sample.
The flexural resonance method
The points of support were located in the nodes of the fundamental mode of vibration (22% of the sample length from each end -0,224 and 0,776 of the length). The same accelerometer was placed on the top of the sample near one end. The flexural vibration was induced by an impact to the center of the sample from above. The frequency of the fundamental mode of flexural vibration (1 st bending natural frequency) was used to count the dynamic modulus of elasticity (E fr ) using equation:
where ρ is the sample density, f is the natural frequency, L is the length of the sample and h is the thickness of the sample.
The ultrasound method
The ultrasound propagation time was measured by means of Fakopp Ultrasound Timer with two special triangle-shaped piezoelectric sensors type TD45 (working at a frequency of 45 Hz). A short ultrasound impulse is generated by the electronic excitation of one transducer and received by the other one. The transit time of sound appears on the equipment display in microseconds. The time correction was carried out in compliance with the equipment producer's recommendation. The sensors are located on the side of the sample (on the same plane). The propagation time and the distance between sensors were used for the calculation of sound velocity along fibers according to the equation:
where c u is the velocity of ultrasound propagation (m/s), t is the propagation time (s), and L is the distance between sensors (m). Dynamic modulus of elasticity (E u ) is then calculated using equation:
where c u is the calculated velocity (formula 3) and ρ is the sample density.
Static bending test
Two samples of 20 mm × 20 mm (cross section) × 300 mm were cut from each of the 30 originally tested boards. The static bending test was performed by the three-point loading method by the universal testing machine Zwick Z050 (loading capacity of 50 kN), the experiment procedure and evaluation of results was derived from BS 373 (British Standard Institution 1957) . Each sample was tested in the same position as it was situated in the original board and it was loaded until destruction occurred to determine both the modulus of rupture (MOR) and the modulus of elasticity (MOE). The span of supports was 240 mm, the radius of supports and the forcing head was 15 mm. The value of MOR was calculated from the maximum loading force as it is given in equation:
where F max is maximum loading force, l is the span of supports, b is the width of cross-section of sample and h is thickness of the sample (height of cross-section).
The calculation of MOE was based on the forces measured at 10% and 40% of the maximum loading force (force of destruction) and the corresponding deflections of the bent beam were measured by extensometer. The MOE was calculated using the equation:
where l is the span of supports, F 40% and F 10% are forces at the 40% and 10% level of the maximum force F max , b is the width of the cross-section of sample and h is thickness of the sample (height of crosssection), u 40% and u 10% are deflections at forces F 40% and F 10% . The values of MOE and MOR calculated from the two measured specimens from each board were averaged.
RESULTS AND DISCUSSION
Comparison of individual techniques
The mean values of the static and the dynamic moduli of elasticity for individual species are summarized in table 1 for each of the four methods used. The analysis of variance (ANOVA) for individual species was conducted to compare the influence of measuring method on the dynamic modulus of elasticity. The ANOVA was significant (α = 0,05), both within species and when individuals of all species were pooled together. Comparison (Tukey´s HSD) indicated that the moduli values from the ultrasound method were significantly different from the values obtained from all the other methods in every case. The results obtained from the longitudinal resonance method was not significantly different from the flexural resonance method for wood of Wengé (p = 0,26) and Doussié (p=0,24) and the static modulus of elasticity from the flexural resonance method for Doussié (p = 0,13) only. The individual methods for the determination of the dynamic modulus of elasticity provided dissimilar values and the order from low to high was E fr < E lr < E u . In this study, the values of the flexural resonance method are the nearest to the static bending test and exceed the static modulus of elasticity by 9,8~18,4%. The mean value of modulus acquired from the longitudinal resonance method is higher than the value measured by the flexural resonance method and they differ from the static bending test by 31,5 and 20,6%, respectively. The highest mean values of the modulus of elasticity for these five species were obtained by the ultrasound method and were 37,0~48,5% higher than those acquired by the static bending test.
These findings are similar to results of other authors. Cho (2007) reported percentage differences of 16,4 and 25,2% between the static test and the resonance methods, respectively, for Camphor wood. Lower differences between methods were found by Haines et al. (1996) for spruce and fir, where the dynamic modulus established by the flexural resonance was 0,4% and 2,3% higher and the dynamic modulus established by the longitudinal ultrasound method was 17% and 22% higher than Young´s modulus acquired by the static bending test. These lower values are caused by the use of the four-point bending test in the study (Haines et al. 1996) . The three-point bending test provided the modulus of elasticity which is underestimated in relation to the four-point bending test due to its neglect of shear and indentation effects. This underestimation was valued by Brancheriau et al. (2002) to be about 19%. Other researchers stated not only for hardwood species that the dynamic modulus of elasticity shows higher values than those measured by the static bending test (Bodig and Jayne 1982 , Ilic 2001 , Oliveira et al. 2002 , Karlinasari et al. 2008 ). These differences are usually attributed to the viscoelastic behavior of wood (Haines et al. 1996 , Cho 2007 ). Divós and Tanaka (2005) showed that creep is not a phenomenon related only to long-term loading of wood, but the effect of creep can manifest in short time scales as well. The loading time in the case of the resonance method ranges between 0,1 ms and 1 ms depending on the vibration mode in comparison to the static bending test when the loading is distinctively longer -around 1 min. Individual methods work with different typical durations of measurement and there is an inclination to get a higher MOE with shorter time which is analogical to results of Kolsky (1963) , who predicted higher velocities of longitudinal waves at higher frequencies.
Universidad del Bío -Bío
Prediction of static MOE by dynamic modulus of elasticity
All samples of the observed species were combined to study the correlations between the nondestructive measurements and the bending stiffness in compliance with the standardized laboratory static method. The correlation between the individual dynamic moduli and the modulus of elasticity from the static bending test is shown in figure 1 and the correlation coefficients are presented in table 2. The closest-fitting relationship was found between the static and the flexural resonance methods, which is expressed by a correlation coefficient of 0,87. Slightly lower coefficients were obtained by the longitudinal resonance and the ultrasound methods -0,86 and 0,83, respectively, which still indicate that high predictability with the static values. Individual species analyses showed similar results when comparable coefficients were found for both the resonance methods and a distinctively less accurate prediction was provided by the ultrasound method (Table 2) . Only in the case of Zebrano wood, where the interlocked grain was the most distinct, the values of the correlation coefficient were lower (Table 2 ) and the ultrasound method showed the highest correlation coefficient. The correlation analysis proved a suitability of these methods for predictions of the MOE with a higher precision degree for resonance methods. A very close relationship was observed between the two resonance methods which are based on a different mode of vibration and its fundamental frequency. The correlation coefficient was 0,99, which indicates an interchangeability of both methods, with the exception of higher values of the longitudinal resonance method (by 7,9~11,3%). The correlation between three dynamic moduli of elasticity (E fr -flexural resonance method; E lr -longitudinal resonance method, E u -ultrasound method) and the static modulus of elasticity (MOE) for all tested species.
In general, the results of other authors pointed out that nondestructive methods based on wave propagation are suitable for measurement of the dynamic modulus of elasticity and have a good relationship with the destructive static bending test. The strength of correlation is dependent on the species and the method used (Karlinasari et al. 2008 , Ravenshorst et al. 2008 , Teles et al. 2011 .
The results presented above show that nondestructive techniques are able to predict stiffness of wood with fiber deflection but the presence of interlocked grain can reduce the accuracy in some species. However, methods based on the ultrasound propagation are less suitable for the prediction of the MOE in comparison with the resonance method. Despite lower accuracy, the ultrasound methods are preferred for other benefits such as easier performance and potential use for in-situ measurements. Table 2 . Pearson correlation coefficients (r) for relationships between variables (MOE -static method, E fr -flexural resonance method; E lr -longitudinal resonance method, E u -ultrasound method and MOR -modulus of rapture).
Prediction of MOR by dynamic and static moduli of elasticity
Generally the MOE is considered the most important strength predictor parameter. To gauge the relationship between different moduli of elasticity and the MOR, correlation and regression analyses were performed. Coefficients of correlation are shown in table 2 and the relationship between the modulus from the static bending test and the MOR for all samples is shown in figure 2 . (MOR) for all tested species.
The strongest relation was found between the static MOE and the MOR between species as well as within species. The correlation coefficients ranged between 0,59 and 0,86. The lowest correlation coefficient for the static MOE from all the observed species was obtained for Zebrano wood (r =0,59), probably because of the presence of interlocked grain. Similar correlation coefficients, ranging from 0,46 to 0,87, were found by Karlinasari et al. (2005) for four tropical hardwoods and when all four species were evaluated together the correlation increased (r = 0,95).
The correlation between MOR and all the dynamic techniques was not found in our experiment for Zebrano wood, in which the grain was distinctively interlocked. The weakest prediction of the MOR was found in the case of the ultrasound method, where the correlation coefficients were 0,22~0,57. Oliveira et al. (2002) described the relation between the ultrasound dynamic modulus and the MOR for two tropical species, Jatoba and Cupiúba, by linear regression with the coefficients of determination equal to 0,55 and 0,36, respectively. The lower accuracy of the ultrasound method as concerns the prediction of wood mechanical properties is probably caused by its measuring mechanism. In the resonance method, the wave velocity, the main parameter determining the dynamic modulus of elasticity, is calculated on the basis of a much higher number of waves passing through the material and the entire section of the sample is involved. Contrary to this the ultrasound method determines the velocity based on the passage of one wave in a limited area connecting two measuring sensors (Grabianowski 2003 , Hansen 2006 . Therefore, it reflects the properties in that part of the sample only. Still, there was a medium to strong linear correlation between various moduli of elasticity and the MOR in all species except Zebrano where the interlocked grain is distinctively observed. Linear models relating the MOR and the static (MOE) and the dynamic flexural test E fr were constructed (Table 3) . As can be observed, the static modulus of elasticity can explain the variability of the MOR better than the dynamic modulus of elasticity. 
Prediction of mechanical properties by density
Wood density is considered by many authors (Zobel and Van Buijtenen 1989, Walker 1993) to be the most important wood property determining the mechanical properties of wood. In dense wood, there are more material distributed internal stresses, so the mechanical properties of wood increase as well. In our study the correlation coefficients obtained for the individual species were quite low and ranged from 0,16 (Doussié) to 0,44 (Zebrano) for MOR and from 0,06 (Doussié) to 0,76 (Wengé) for MOE (Table 2) . When all species were considered together, the correlation coefficients were 0,33 and 0,48 for MOR and MOE, respectively. Linear models describing the relationship between density and MOR were characterized by very low coefficients of determination and most of them are not statistically significant. More significant relationships between density and wood strength were found by other authors (Izekor et al. 2010 , Hein et al. 2013 , Yang and Evans 2003 . Density is the simplest index of strength, but only of wood without defects. There is an approximately linear relationship between strength and specific gravity in wood. However, wood of many tropical species includes growth anomalies like spiral or interlocked grain (Kribs 1950 , Harris 1989 . The fiber deflection from the longitudinal direction, which is connected with these defects, considerably influences wood stiffness and strength because of its anisotropic behaviour (Bodig and Jayne 1982, Tsoumis 1991) . As seen in Table 2 and 3, the density is a poor predictor of wood strength when fiber deflection occurs in wood samples in comparison with the static or even the dynamic moduli of elasticity. Despite the common results that show density is a poor indicator of cell wall or wood stiffness (Cave and Walker 1994, Walker and Butterfield 1996) , in our study it is better correlated with wood stiffness than with wood strength (Table 2 and Figure 3) . Oja et al. (2005) attributed this to the fact that wood strength is to a large extent driven by local properties (e.g. large knot), while wood stiffness is more of an integrated effect of every part of the board. 
CONCLUSIONS
The samples of five tropical species with grain defects were tested by non-destructive methods based on wave propagation and the possibility of wood stiffness and strength prediction were analyzed.
The results show that the dynamic modulus of elasticity values obtained by the ultrasound, as well as the flexural and the longitudinal resonance methods are closely correlated with the static modulus of elasticity. A lower predictive accuracy of static modulus of elasticity was observed when the ultrasound technique was used. The values of the dynamic modulus of elasticity were always higher than the values obtained by the static bending test due to the viscoelastic behaviour of wood. The order from low to high was MOE < E fr < E lr < E u . All methods used were found to be suitable to assess the stiffness of wood with grain deflection.
These methods were found to be less suitable in comparison with static MOE for prediction of wood strength (MOR). Similar positive correlations were found between MOR and both resonance methods and correlation coefficients ranged from 0,12 to 0,76 dependent on species. The ultrasound method showed again the weakest correlation to MOR. The correlation was not found for Zebrano in which distinct interlocked grain with high fiber deflection occurred.
A weak correlation was found between the density and the MOR (r = 0,16~0,44), which means that the density is a poor predictor of this property when grain deviation occurs in wood. In most species, the MOR was more closely correlated with the dynamic modulus of elasticity than with wood density except for Zebrano, where the correlation coefficients were very low for the dynamic modulus of elasticity. The distinctive grain deflection in all samples caused by the interlocked grain is the most likely source of this difference.
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